An important question in the cell cycle field is how cyclin-dependent kinases (cdks) target their substrates. We have studied the role of a conserved hydrophobic patch on the surface of cyclin A in substrate recognition by cyclin A-cdk2. This hydrophobic patch is Ϸ35Å away from the active site of cdk2 and contains the MRAIL sequence conserved among a number of mammalian cyclins. In the x-ray structure of cyclin A-cdk2-p27, this hydrophobic patch contacts the RNLFG sequence in p27 that is common to a number of substrates and inhibitors of mammalian cdks. We find that mutation of this hydrophobic patch on cyclin A eliminates binding to proteins containing RXL motifs without affecting binding to cdk2. This docking site is critical for cyclin A-cdk2 phosphorylation of substrates containing RXL motifs, but not for phosphorylation of histone H1. Impaired substrate binding by the cyclin is the cause of the defect in RXL substrate phosphorylation, because phosphorylation can be rescued by restoring a cyclin A-substrate interaction in a heterologous manner. In addition, the conserved hydrophobic patch is important for cyclin A function in cells, contributing to cyclin A's ability to drive cells out of the G 1 phase of the cell cycle. Thus, we define a mechanism by which cyclins can recruit substrates to cdks, and our results support the notion that a high local concentration of substrate provided by a proteinprotein interaction distant from the active site is critical for phosphorylation by cdks.
Progression through the eukaryotic cell cycle is controlled in part by the ordered action of cyclin-dependent kinases (cdks) (reviewed in refs. [1] [2] [3] [4] [5] [6] [7] [8] . A number of studies have shown that cdks are active only after binding to a cyclin partner. Cyclin levels oscillate throughout the cell cycle and are restricted spatially within a cell, thus limiting cdk activity both temporally and spatially. Initially, the cyclin's primary role was thought to be allosteric, changing the conformation of the cdk from an inactive to an active state. In recent years, however, cyclins have been shown to play a role in substrate selection, as different substrate preferences are observed for cdk2 bound to cyclin E or cyclin A and for cdc2 bound to cyclin A or cyclin B (9) (10) (11) . In addition, a number of substrates have been shown to form complexes with cyclin-cdks, suggesting that highaffinity protein-protein interactions play a role in cdk substrate recognition (12) (13) (14) (15) (16) . In this work we have investigated the mechanism of substrate recognition by cyclin A-cdk2.
Cyclin A associates with cdk2 during S-phase and cdc2 during G 2 (17) (18) (19) (20) . Numerous observations suggest that cyclin A-cdk2 is involved in controlling DNA replication. First, cyclin A is synthesized at the onset of S-phase and is required for passage through S-phase (17) (18) (19) (20) (21) (22) (23) . Second, cyclin A is localized at sites of DNA replication and can promote DNA replication in a cell-free system (24) (25) (26) . Third, overexpression of cyclin A in cells accelerates exit from G 1 phase (27, 28) . Finally, a catalytically inactive mutant of cdk2 acts as a dominant negative, preventing exit from the G 1 phase (29) . It will be important to understand how cyclin A-cdk2 recognizes its substrates in order to understand its function in cell cycle progression.
We examined the crystal structure of cyclin A-cdk2 seeking clues for the role of cyclin A in substrate recognition (30) . A hydrophobic patch on the surface of cyclin A, comprising residues conserved in many cyclins, is readily apparent (31) . In general, hydrophobic interactions contribute the bulk of intermolecular binding energies (32) . Therefore, we suspected that this hydrophobic patch may be involved in substrate recognition. Indeed, the crystal structure of cyclin A-cdk2 in complex with the inhibitory protein, p27, reveals that this hydrophobic patch on cyclin A contacts the RNLFG sequence in p27, termed a Cy or RXL motif (33, 34) that is conserved between both substrates and inhibitors of cyclin-cdks (33) (34) (35) (36) (37) . We have made hydrophobic to alanine mutations in cyclin A based on this crystal structure to investigate the role of the hydrophobic patch in cyclin A-cdk2 function. We find that this hydrophobic patch mediates binding to RXL-containing proteins and that this binding is important for phosphorylation of a subset of substrates of cyclin A-cdk2. Restoring substrate binding to cyclin A in a heterologous manner is sufficient to rescue phosphorylation even with mutations in the hydrophobic patch. Thus, our results suggest a mechanism for substrate recruitment to cdk2 by cyclin A.
immunofluorescence and cell cycle experiments, 22 g of DNA was used per 10-cm plate: 2-5 g of cyclin plasmid and 0.2-2 g of cdk2 plasmid was used, with 2 g of pCD20 in the case of cell cycle experiments, and the rest from vector. Fluorescence-activated cell sorter analysis of transfected cells was performed as described previously (29) . All samples were analyzed for cyclin A expression by Western blotting. Only samples with comparable levels of wild-type and cyAhpm protein were included. For immunofluorescence, cells were fixed in 4% formaldehyde (Polysciences) in PBS, and permeabilized with 0.5% Triton-X-100 (Sigma) in PBS. Localization was determined by staining cells with mAb 12CA5 directed against the HA tag on cyclin A.
Protein Purification. tub E2F1, glutathione S-transferase (GST)-p27, and GST-Rb-C were expressed in bacterial strain BL21 and expressed and purified as described previously by Dynlacht et al. (9) , Vlach et al. (16) , and Meyerson and Harlow (42), respectively. The ''tub'' tag on E2F1 refers to a threeamino acid epitope, EEF, derived from tubulin, which is recognized by the mAb YL1/2. p107 was purified from insect cell lysates as described previously (9), except with an additional wash with 0.5 M NaCl/HMGN [25 mM Hepes (pH 7.6), 12.5 mM MgCl 2 , 10% glycerol, 0.1% Nonidet P-40].
Immunoprecipitation, Western Blotting, and Kinase Assays. Cells were lysed on ice in 0.8-1 ml of lysis buffer [50 mM Tris (pH 7.4), 250 mM NaCl, 5 mM EDTA (pH 8.0), 0.1% Nonidet P-40, 10% glycerol, 1 mM NaF, containing 0.1 mM Na 3 VO 4 , 0.5 mM DTT, and the following protease inhibitors: 5 g/ml leupeptin, 5 g/ml aprotinin, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride/HCl, and 4 mM phenylmethylsulfonyl fluoride] for 30 min with occasional vortexing and clarified by centrifugation at top speed in a microfuge for 10 min at 4°C. Immunoprecipitations and Western blots were performed as described previously (43) . mAbs used for immunoprecipitations of HA-tagged cyclin A (12CA5), p107 (SD9, SD15), E2F-1 (KH1, KH95), and p21 (CP68) have all been described previously (33, 39, 44, 45) . Antibodies used for Western blotting of cyclin A (12CA5, recognizing the HA tag, and 9E10, recognizing the myc tag), p107 (SD9), and E2F-1 (KH20) were described previously (39, (44) (45) (46) . The following rabbit polyclonal antibodies from Santa Cruz Biotechnology were used in Western blots: M2, H432, H164, and C20, recognizing cdk2, cyclin A, p21, and E2F-1, respectively. For kinase assays, lysates were precleared with normal rabbit serum-protein A-Sepharose beads prior to immunoprecipitation with 12CA5. Kinase reactions were performed as described previously (9) .
Phosphopeptide Mapping. Phosphopeptides of p107 were prepared as described previously (47) . Five hundred counts per minute of the resulting peptides were resolved on cellulose thin-layer plates in two dimensions. Electrophoresis was performed at pH 1.9 [88% formic acid:acetic acid:water, 25:78:897 (by volume)] for 40 min at 800 V followed by ascending chromatography in 1-butanol:acetic acid:pyridine:water, 75:15:50:60 (by volume).
RESULTS
The Conserved Hydrophobic Patch Is Important for Binding to RXLFG-Containing Proteins. Many side chains contribute to the hydrophobic patch on cyclin A (30), including the residues M210, L214, W217, Q253, and L254 ( Fig. 1) . A number of mutants were constructed with three, four, or five simultaneous substitutions to alanine, and, for example, the mutants [M210A, L214A, W217A], [M210A, L214A, Q253A, L254A], and [M210A, L214A, W217A, Q253A, L254A] were particularly helpful in our initial experiments. Wild-type and mutant cyclin A variants were tagged with the HA epitope at the C terminus and transiently expressed in U2OS cells to test for protein stability and for high-affinity interaction with cdk2.
Of the initial mutants, the triple mutant [M210A, L214A, W217A] appeared to have the properties that were desired for our studies. It was expressed at levels comparable to wild-type cyclin A and the mutations did not affect overall cyclin A integrity as it still bound to cdk2 in a cotransfection experiment (Fig. 1C) . For convenience the [M210A, L214A, W217A] mutation is hereafter referred to as cyAhpm (cyclin A hydrophobic patch mutant).
Because the x-ray structure of cyclin A-cdk2-p27 revealed that the hydrophobic patch on cyclin A contacts the RXL motif of p27 (35), we focused on interactions of CyAhpm with proteins containing similar motifs. Four candidate RXL motif proteins were tested: p107, E2F1, p21, and p27. CyAhpm is severely impaired for binding to p107 and E2F1 under all conditions assayed. To test binding to p107, plasmids encoding p107, cdk2, and either HA-tagged cyclin A or cyAhpm were cotransfected into U2OS cells. Immunoprecipitation with either a mixture of anti-p107 mAbs or the 12CA5 mAb recognizing the HA epitope tag on cyclin A revealed that mutation of the hydrophobic patch on cyclin A severely impairs binding to p107 ( Fig. 2A) . Even though the lysates contained similar amounts of each protein, and the 12CA5 immunoprecipitates contained similar amounts of cyclin A and cyAhpm as judged by Western blots (Fig. 2 A and data not shown), p107 was found associated only with wild-type and not the mutant cyclin A. To test binding to E2F1, lysates from U2OS cells cotransfected with cdk2 and either cyclin A or cyAhpm and containing similar amounts of each protein were mixed with recombinant E2F1 purified from bacteria. Immunoprecipitation with either a mixture of mAbs recognizing E2F1 or with 12CA5 revealed that mutation of the hydrophobic patch on cyclin A severely impairs binding to E2F1 (Fig. 2B ).
p21 and p27 fall into a second class of cyclin A-binding proteins. It has been shown previously that both p21 and p27 can bind cyclin A alone, cdk2 alone, and cyclin A-cdk2 complexes (16, 33) , and we find that both p21 and p27 fail to associate with cyAhpm, but do associate with cyAhpm-cdk2 complexes. A previously described version of cyclin A with a Myc tag at the N terminus was used in these experiments to facilitate detection by Western blotting (36, 48) . To test binding to p21, plasmids encoding p21, cdk2, and either cyclin A or cyAhpm were cotransfected into U2OS cells, and lysates were immunoprecipitated with CP68, which recognizes the C terminus of p21 (33) . CyAhpm associates with p21 only when in complex with cdk2, suggesting that the hydrophobic patch on the surface of cyclin A is responsible for p21 association with cyclin A alone (Fig. 2C ). In agreement with previous studies of p21 and p27 mutants (16, 33) , cdk2 could recruit p21 to the cyclin A mutant. To test binding to p27, lysates from transfected U2OS cells were mixed with either recombinant GST or GST-p27 purified from bacteria, and precipitated with glutathione-agarose beads. The results for p27 were similar to the results for p21 (Fig. 2D) .
Substrate Binding by Cyclin A Plays a Major Role in Recognition by cdk2. We investigated the role of the conserved hydrophobic patch on cyclin A in substrate phosphorylation by cyclin A-cdk2. Cyclin A-cdk2 and cyAhpm-cdk2 complexes were compared for their ability to phosphorylate a variety of substrates. Kinase complexes from transfected cell lysates were immunoprecipitated through the HA tag on cyclin A with the mAb 12CA5, the precipitates were divided equally, and kinase activity toward each substrate was tested over a broad range of substrate concentration. For each experiment, the same kinase preparation was used for several substrates in parallel, always including histone H1 as a control. The levels of histone H1 phosphorylation were identical for each preparation of cyAhpm-cdk2 and cyclin A-cdk2 complexes. However, cyAhpmcdk2 is specifically defective for phosphorylating E2F1, p107, and Rb-C terminus, suggesting that the hydrophobic patch is involved in substrate recruitment to cdk2 (Fig. 3) . Interest- (Table 1) . There are two simple explanations for how substrate binding to cyclin A could contribute to recognition by cdk2. First, binding to cyclin A could increase the local concentration of substrate relative to the kinase active site. Second, binding to the hydrophobic patch on cyclin A could correctly position the substrate with respect to the active site of cdk2. It would be possible to evaluate the relative importance of cyclin A-substrate interactions in cdk2 recognition if substrate binding to cyAhpm could be restored in a heterologous manner. One substrate, p107, contains several independent protein interaction domains (49) . In addition to its RXL motif, p107 contains the distinct pocket domain, originally identified for its ability to bind to viral oncoproteins. These viral proteins all contain a pocket-binding motif, LXCXE, and a peptide derived from the papilloma virus E7 protein containing the sequence LYCYEQL has been shown to bind to pocket domains (50) . Thus, to restore binding to p107, we made two different mutants of cyAhpm, adding the sequence LYCYEX (where is hydrophobic). The sites of insertion were selected based on three criteria: (i) they were dispensable for cdk binding (38, 51) ; (ii) they were likely to be solvent accessible, based on the extreme proteolytic sensitivity of the N-terminal 173 residues of cyclin A in vitro (30) ; and (iii) a minimum number of mutations would be needed to change the sequence to LY-CYEX. L1hpm contains, in addition to the hydrophobic patch mutations, the sequence YCY substituted for QEDQ between L26 and E31, giving the sequence ALYCYENI at residues 25-33 of the cyclin A sequence. L2hpm contains the sequence YCYEQ substituted for KD between L75 and L78, resulting in the sequence PLYCYEQL. Both binding to and phosphorylation of p107 are restored by the LYCYEX insertions in cyAhpm (Fig. 4 A and B) .
As a first step toward addressing the importance of the location of the substrate-binding site on cyclin A, phosphopeptide maps were compared for p107 phosphorylated by the cyclin A-, L1hpm-, and L2hpm-cdk2 complexes. Insufficient 32 P was incorporated into p107 by cyAhpm-cdk2 complexes to compare this to the other kinases. The phosphopeptide maps generated by each of the three complexes are identical, although the degree of phosphorylation of one peptide is different (Fig. 4C) . Although we do not know the identity of the phosphorylation sites or where they are located with respect to the RRLFG or pocket regions of p107, the simplest interpretation of this result is that the major role of substrate binding by cyclin A is not to precisely position the phosphoacceptor site in the active site of cdk2, but to increase the local concentration of substrate (Fig. 5) .
Cyclin A Function in Cells. Overexpression of cyclin A in cultured cells results in a decrease in the G 1 phase population (27, 28) that reflects a shortened G 1 phase. We compared the effects of cyclin A-cdk2 and cyAhpm-cdk2 on the cell cycle distribution by cotransfecting the cell surface marker CD20 and analyzing the CD20-positive population by fluorescenceactivated cell sorting. There is a dramatic decrease in the G 1 population of cells expressing cyclin A-cdk2. However, cyAhpm-cdk2 does not affect the cell cycle profile differently from cdk2 alone (Fig. 6) . Similar effects on the cell cycle profile were observed previously for two different cyclin E mutants, one which cannot phosphorylate pRb and another which binds cdk2 but fails to activate its catalytic activity (15, 52) . Thus, our results suggest a role for substrate recognition by the hydrophobic patch on cyclin A in cells.
There are multiple ways in which cyclins are thought to regulate cdk activity. Although cyclins both activate the kinase and recruit substrates, they also limit cdk activity to the subcellular compartments in which they are localized. To ensure that the defect in cyclin A's ability to accelerate G 1 exit was not due to mislocalization, we examined subcellular localization of cyclin A by indirect immunofluorescence with 12CA5. Importantly, both cyclin A and cyAhpm localize to the nucleus to the same extent when cotransfected with either cdk2 or the catalytically inactive cdk2dn (data not shown), consistent with previous studies (53, 54) . Because the cell cycle experiments and the key biochemistry described above were carried out either under these conditions or in vitro, subcellular localization is unlikely to account for the differences in behavior described above for wild-type cyclin A-and cyAhpmcdk2.
DISCUSSION
A number of previous studies have shown that the RXL motifs on the substrates p107 and E2F-1 and the inhibitors p21 and p27 are important for cyclin binding (16, 33, 34, 36, 37, 55) . Our work extends these studies by showing that the RXL contact site on cyclin A is important for cyclin A-cdk2 function. We have demonstrated that the hydrophobic patch on cyclin A serves as a docking site, important for tight physical interaction with and phosphorylation of RXL substrates by cyclin A-cdk2.
Cyclin A and Substrate Selection. The residues that influence substrate binding by cyclin A are conserved in a number of mammalian cyclins (Fig. 1 A) (31) , and these same residues may also serve as binding sites on D-, E-, and B-type cyclins. These cyclins can all bind p21 family members (16, 33, 34, 56) . However, because numerous different cyclins have the same amino acids found in the hydrophobic patch on cyclin A, it is likely that additional factors dictate substrate specificity. Indeed, there are differences among the abilities of different cyclins to bind to some RXL proteins. For example, cyclin A-cdk2 and cyclin A-cdc2 bind and efficiently phosphorylate p107, but cyclin B-cdk2 and -cdc2 complexes do not (10, 11) . Thus, while the conserved hydrophobic patch serves as a docking site, its accessibility to different proteins may be limited by surrounding side chains on the surface of a given cyclin or by other sites that have not yet been described. Such additional constraints could determine which substrates have access to which cyclins. Identification of such specificity determinants will await the crystal structures of the other cyclins, alone and in complex with other RXL proteins.
Our data using a heterologous method of establishing cyclin-substrate interactions suggest that cyclin binding is of major importance in substrate selection, but the actual stereochemistry of how the substrate binds to the cyclin may be less important (Fig. 5 ). This conclusion is supported by a number of previous observations. First, numerous sites on a given substrate are phosphorylated by cdks (47) . Thus, there may not be a rigid path between the substrate binding site on a cyclin and the catalytic site on a cdk. Second, phosphoacceptor sequences predicted from studies of peptide substrates closely resemble those found in physiological substrates, showing that the local sequence around the phosphorylated residue plays a major role in determining which sites are recognized by cdk2 (57) . Third, some cdk substrates associate tightly with cyclins (12) (13) (14) . The importance of tight cyclin-substrate interactions is supported by the result that transfer of the RXL motif from E2F1 to the closely related protein E2F4 is sufficient to allow phosphorylation by cyclin A-cdk2, even though E2F4 is not normally a substrate (37) . In addition, a mutation in cyclin E which abolishes pRb binding also eliminates pRb phosphorylation (52) . Finally, peptides containing the RXL motif block phosphorylation of RXL-containing substrates by cyclin-cdk complexes (33, 34) . These results underscore the importance of a high local concentration of substrate.
When both cyclin A and cdk2 are overexpressed, the only defect we observe for cyAhpm-cdk2 complexes is binding to and phosphorylation of RXL substrates. CyAhpm-cdk2 complexes remain inert and do not affect the cell cycle profile whereas wild-type cyclin A-cdk2 complexes phosphorylate their substrates and drive exit from G 1 , suggesting that the hydrophobic patch on cyclin A recruits substrates involved in cell cycle progression.
Cyclin A as an Integrator. A new view of the role of cyclins is emerging, with cyclins acting somewhat analogously to the adapter, anchoring, or scaffold proteins in other signal transduction pathways (for review, see ref. 58 ). Adapter proteins used in receptor tyrosine kinase signaling pathways have numerous protein-docking sites, with an SH2 or PTB domain to bind the receptor itself, and additional motifs to connect the kinase to other components of the signaling pathway (59, 60) . Similarly, the scaffolding protein ste5p brings together consecutive members of the mitogen-activated protein kinase pathway so that signals pass rapidly and in the correct order from one kinase to the next (61, 62) . Src family kinases have evolved an even simpler mechanism for recruiting substrates, containing SH2 and SH3 domains in addition to the kinase domain, which directly recruit tightly associated substrates (63) . Similarly, cyclin A tethers substrates to cdk2.
Cyclin A coordinates multiple functions of cdk2. It is an activator, a timer, and a substrate recruiter. In addition, cyclin A restricts kinase activity to the correct subcellular compartment. Interestingly, for the substrate E2F1, nuclear localization may be coupled to cyclin A binding, with the same short region of sequence containing both its RXL motif and its sequences required for nuclear localization (64) . Given the importance of cyclin A's recognizing the correct substrate in the correct subcellular location, it seems reasonable to suggest that proper localization of substrates could be coordinated with cyclin binding. Our data indicate that a number of functions are integrated at a single site on the surface of cyclin A.
